The Geophysical Fluid Dynamics Laboratory (GFDL) three-dimensional general circulation/tracer model has been used to investigate the stratospheric behavior of N20 under a range of photodestruction hypotheses. A comparison of observations with these simulations shows that the atmospheric N20 lifetime lies between 100 and 130 years. For the three experiments conducted, it was found that the model-derived global one-dimensional eddy diffusion coefficients K z for one experiment are appropriate for the other two experiments as well. In addition, the meridional slopes of N20 mixing ratio isolines are virtually identical in the lower stratosphere for all three experiments. The generality of these two results was explored with a simple "two-slab" model. 
INTRODUCTION
An understanding of atmospheric N20 is of great interest because of its fundamental role in the budget of stratospheric ozone. N20 is produced in the lower troposphere by various processes (for a review and relevant literature, see Levy N20 is also of special concern because of its rather close similarity to a large class of long-lived gases with sources in the troposphere and photodestruction-related sinks in the stratosphere. Most notable among these are N20, CH 4, CF:CI:, and CFC13 because of their direct and indirect effects on ozone as well as their contributions to the climate greenhouse effect. Thus a proper simulation and understanding of the behavior of N20 may be regarded as a key to understanding the behavior and influence of a wider variety of long-lived trace gasses.
It is the three components of production, transport, and destruction which must be properly accounted for in a successful simulation of N20. In 1976 we began to study this problem through use of the GFDL three-dimensional general circulation/tracer model [Mahlrnan and Moxirn, 1978] . At that time virtually nothing was known about the tropospheric sources of N•O, while the observed "climatology" of N•O was extremely uncertain. Accordingly, we designed an experiment which built upon This paper is not subject to U.S. copyright. Published in 1986 by the American Geophysical Union.
Paper number 5D0862. the best available information. First, we assumed that current methodology was sufficient to calculate the stratospheric destruction of N20. Then, we assumed that the tropospheric mixing ratio of N•O was a value of about 295 parts per billion by volume (ppbv) (halfway between the "observed" extremes of 260-330 ppbv at that time). The consistent global mean surface source strength was then estimated iteratively to be about 1.3 x 10 9 molecules cm -2 s-•. Some results of that experiment are given by Levy et al. [1979] . The parts of that work applicable to the stratosphere will be reviewed later in this paper. Generally, however, the stratospheric NeO simulation in that experiment showed encouraging agreement with available observations. Using this framework, a series of experiments was conducted to investigate the impact of possible surface NeO source distributions on the tropospheric N20 structure. Results from those experiments are available in work by Levy and Mahlrnan [1980] and Levy et al. [1982] . For this study, which emphasizes the stratosphere, the important result of those experiments is that the stratospheric model N20 structure is almost completely independent of the surface NeO source distribution. Thus the remaining uncertainties concerning the nature of the surface NzO source need not concern us here.
After our first N•O experiment was completed we learned that improved measurements of the photodissociation of NeO (including temperature dependence) had been reported by Selwyn et al. [1977] . These newer measurements indicated generally slower destruction rates for stratospheric N•O. In response to this we decided to design a new NeO model experiment which incorporated the newer photodissociation cross sections. The results and implications of that experiment are analyzed here.
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As shall later become clear, the above "correct" experiment (which we will designate "Slow-Sink" N20) reveals a large sensitivity of the results to the effective stratospheric N20 destruction rate. This led us to design a third experiment which helps explore this sensitivity. Here we have examined the impact of more rapid destruction rates by arbitrarily doubling the removal coefficients in the control ("Uniform Source" N20) experiment. This "Fast-Sink" N:O experiment thus allows us to examine the effect of a reasonably wide range of stratospheric destruction rates on the threedimensional distribution of long-lived trace gases. These experiments thus may be applicable to gases with overall characteristics similar to N20.
A major goal of this work is to seek a generalized understanding of the impact of chemical destruction on the transport and distribution of a wide class of long-lived trace gases. In the first three sections we will begin by examining the three N20 numerical experiments and their relation to each other as well as to available observations. The generality of the model behavior and its dependence on chemical processes will be examined through a companion theoretical development described in section 4, used in section 5, and developed in detail in the appendix.
In section 6 the simulated variability of N:O and its relationship to available observations will be addressed. Finally, theoretical insights developed in section 4 are used to develop a diagnosis of the expected role of chemical processes in understanding the temporal variability of various trace gases. This sequence of developments will provide a unifying perspective on the generalized interpretation of observed and simulated trace gas behavior for a wide range of source and sink chemistries. Accordingly, this work should prove useful in the design and interpretation of numerical trace constituent models in one, two, and three dimensions.
DESIGN OF N20 EXPERIMENTS

"Regular-Sink" N20
This experiment is the same as the "Uniform Source" integration described by Levy et al. [1979 Levy et al. [ , 1982 . (The nomenclature has been changed here because it is only the stratospheric destruction characteristics that are relevant in the set of experiments reported here.) The surface source is uniform over the globe, with its final magnitude being determined iteratively so as to give a tropospheric mixing ratio of about 295 ppbv and to balance the stratospheric destruction calculation as described in the work by Levy et al. cited above. This experiment has been run through 7¬ annual cycles. By using the reinitialization technique described by Levy et al. [1982] the end of the integration has been determined to be less than 0.3% below the equilibrium value at any point in the model atmosphere. The surface source strength corresponding to a final "best estimate" of N20 equilibrium is 1.442 x 109 molecules cm-2 s-x. This value is nearly 11% higher than the estimate of 1.3 x 109 molecules cm -2 s-x described in the preliminary report of Levy et al. [1979] after a few years of model integration. The model-determined global mean "residence time" corresponding to this source is 131.2 years.
"Slow-Sink" N20
In this experiment the global uniformity of the surface source, the strategy for obtaining its self-consistent magnitude, and the tropospheric N20 mixing ratio are all the same as in the Regular-Sink N20 experiment. The calculation of stratospheric N20 destruction is the same as described by Levy reaction rate coefficients are taken from the compilation by Hampson [1980] ; and the revised solar flux data of Simon [1978] replace that of Ackerman [1971] .
To save computer resources, a "good guess" initial condition for this experiment was determined in the following manner. First, a one-dimensional model was utilized which is designed to provide a self-consistent subset of the threedimensional model in terms of model levels, computational algorithms, etc. The one-dimensional vertical eddy diffusion coefficients K: were calculated from the three-dimensional model's annual mean vertical transport for Regular-Sink N:O. The one-dimensional model was then set up to reproduce the height-dependent, horizontal, averaged N20 mixing ratio obtained in the regular-sink experiment.
Once this one-dimensional model of N20 could reproduce the three-dimensional horizontally averaged profile for Regular-Sink, the revised Slow-Sink destruction parameterization described above was inserted into the onedimensional model, followed by a 2000-year integration to the new equilibrium. The one-dimensional source strength was then scaled to bring the one-dimensional tropospheric mixing ratios into agreement for both the Regular-Sink and SlowSink NaO experiments.
The initial field for the Slow-Sink three-dimensional integration was constructed on each model isobaric surface through multiplication of the three-dimensional regular-sink N20 field by the ratio (Slow-Sink/Regular-Sink) of the onedimensional mixing ratios at the appropriate pressure levels.
The new three-dimensional surface source was initially set to equal the stratospheric sink determined from the onedimensional Slow-Sink experiment. Even though much of the adjustment to the revised stratospheric destruction rates is three-dimensional, we found this initial condition shortened the required integration time considerably by starting with a reasonable one-dimensional profile. This was the case even though the horizontal N20 gradients corresponded to those of the previous experiment.
This Slow-Sink N20 experiment was run for 3 years. We found that very little further adjustment of the vertical N20 profile was required to obtain a result satisfactorily close to the final equilibrium solution. This implies that onedimensional eddy diffusion coefficients determined self consistently for a given long-lived trace constituent (Regular-Sink) may be applicable to the one-dimensional transport of other sufficiently long-lived constituents. This of course requires that the chemical destruction is modeled properly for both constituents. Otherwise, the derived coefficients would implicitly contain effects other than horizontally averaged vertical transport. However, the theoretical development in the appendix will show circumstances under which this alleged "universality" of K: is no longer true.
At the end of the 3-year integration of Slow-Sink N20, the solution has been determined to be at most 0.15% below the equilibrium value everywhere in the model domain. The estimates of the degree of departure from final equilibrium are determined by the "shooting" to equilibrium method de- 
Comparison of Experiments
In comparing the behavior of the three N20 model experiments we first concentrate on the zonal mean structure. Figure  1 shows cross sections of zonal mean N20 mixing ratio from the Fast-Sink and Slow-Sink experiment for the months of January, April, July, and October as well as the January and July fields for the Slow-Sink experiment. The Regular-Sink experiment is not shown because its structure is midway between these extremes. Figure 1 show the same features already noted by Levy et al. [1979] : the upward equatorial bulge; pronounced meridional slopes of isolines, with steeper slopes present in the northern hemisphere at every comparable season; and pronounced downward depressions of lower values in the winter higher latitudes. In April and October the downward depressions show clearly the "lag" effect of the winter season in each hemisphere. Note also that the equatorial bulge shows some tendency to follow the sun's overhead position with some seasonal lag.
Many of the results displayed in
In the lower stratosphere and upper troposphere, Figure 1 shows a pronounced interhemispheric asymmetry, with smaller northern hemisphere than southern hemisphere values at corresponding latitudes during every month. This asymmetry was noted earlier in the tropospheric N20 study by Levy et al. [1982] . The explanation for this effect appears to be related to a surprising, but understandable, model phenomenon. Dynamical analysis of this model [Manabe and Mahlman, 1976 ] shows a significantly higher eddy activity in the northern hemisphere stratosphere in comparison to the southern hemisphere. Associated with this extra eddy activity is a larger departure from radiative equilibrium and a net stratospheric radiative cooling in the northern hemisphere over the This observation, when combined with the predictable onedimensional behavior already noted in sections 2.1 and 2.2, provides a means of predicting the behavior of a wide class of long-lived trace constituents independent of the magnitude of their vertical mixing ratio gradients. That is, if the nature of the stratospheric destruction (or production) is known, the global average vertical profile can be predicted with some accuracy using a simple one-dimensional model. Once this is known, the above information on the generalized meridional slopes of trace constituent isolines might be used to predict the latitude-height distribution (in principle, at least) for the zonal mean mixing ratio of the constituent of interest. This prediction can be evaluated if real data is present in sufficient quantities. It is also possible that this approach can be used to evaluate possible measurement inaccuracies in the "observed" data set for similar trace constituents. We will address this in the next section.
The apparent validity of these relationships lends some support to the one-dimensional modeling approach of Wofsy [1976] in which the global model mixing ratios are spread out along "mixing surfaces," paralleling the observed tracer meridional slopes. However, a careful analysis shows that such slopes cannot be regarded as "mixing surfaces" but rather appear as a balance among competitive processes [-see Mahlman et al., 1980 . Nevertheless, such a procedure could prove to be empirically useful, irrespective of the physical processes responsible for producing the equilibrium slopes.
As with most "general" relationships, there are limits to the useful range of application. It should not be expected to apply for a trace constituent which is far from its transport-chemical equilibrium. See, for example, the early evolution of the "In- observations. Roughly, the data suggest that the hemispheric mean observed meridional slopes are perhaps 30% steeper than those simulated by the model. This result showing a model deficiency is surprisingly clear considering the severe geographical and temporal limitations of the observed data. The difference in slope shows up in the BAM86 CF2C12 data as well. This is a good example of how useful local data sets can be for three-dimensional model evaluation. Discussion on the probable cause of this modeling discrepancy is given in section 5.
THEORETICAL INTERPRETATION OF MERIDIONAL TRACER SLOPES
The simulated results showing strong similarities among the meridional slopes of N20 isolines for the three experiments leads us to pursue a more quantitative diagnosis of such behavior. In particular, we wish to examine the role of chemical destruction processes relative to that of dynamical mechanisms in determining meridional trace constituent slopes.
Briefly restated, the model experiments indicate that for sufficiently weak photodestruction chemistries, the spatial slopes of the time mean equilibrium mixing ratio isolines are essentially the same for all such long-lived trace constituents. The data of BAM86 shows clearly that this result is verified in the comparison of N20 and CF2Cl 2 slopes. However, the slopes of CFCl 3 are significantly flatter than those for N20 and CF2Cl 2. This implies that the destruction rate of CFCl 3 is sufficiently fast so as to impede the net dynamical tendency to establish similar time mean slopes for vertically stratified We must point out here that this two-dimensional model should not be interpreted as a viable substitute for more complete two-dimensional transport parameterizations such as that given by Plumb and Mahlman [1986] . Rather, the goal is to isolate mechanisms determining the impact of chemical destruction processes on the global distribution of long-lived trace gases. A bonus from this analysis is that the relationship between one-dimensional and two-dimensional models is significantly clarified.
Because of the mathematical complexity of the analysis, the details of the two-slab model and its accompanying physical insights are presented in the appendix. The reader uninterested in such details can skip the appendix and still examine the major implications of that development in the following two paragraphs. For details and their implications for understanding one-dimensional and two-dimensional transport models, refer directly to the appendix.
The two-slab model of the appendix shows that the equilibrium poleward-downward slopes of mixing ratio isolines depend importantly on the photodestruction efficiency. Equation (A36) shows that as the destruction efficiency increases, the meridional slope (•z/c•yR) flattens. However, for longer destruction times (inverse of destruction coefficient) greater than, say, 700 days, the meridional slopes are essentially independent of chemistry (see Figure A1 ). This result suggests that the slope prediction of Figure The second major conclusion of the appendix is that the effective global average eddy diffusion coefficient Kz depends indirectly upon the photodestruction coefficient in a predictable way (see Figure A1 ). In particular, equation ( Both major conclusions gained from the two-slab model of the appendix thus refute the tentative implications of sections 2 and 3. Instead, (A32) and (A36) show the apparent "universality" of the meridional slopes and one-dimensional Kzs to be true only for rather slow destruction chemistries. The effect of faster chemistries is to flatten the meridional slope and therefore to reduce the effective one-dimensional K z value. produced by nonzonal disturbances. The decelerative effect produced by this zonal force acts to excite a "residual" circulation (which is qualitatively similar to the diabatic circulation), manifested by rising motion (and adiabatic cooling) in lower latitudes and sinking motion (and adiabatic heating) in higher latitudes. This high-latitude dynamical heating is balanced in the annual mean by net radiative cooling. Thus the stratosphere can be thought of as being driven from radiative equilibrium by the dissipation of tropospheric disturbances propagating into the stratosphere. Without such disturbances, the system would be very close to radiative equilibrium, with accompanying small values of net diabatic heating.
CAUSE OF THE "FLATTENED SLOPE
In the context of the transport discrepancy found in the three-dimensional model it can be concluded that the magnitude of the dynamical drive for this model stratosphere is somewhat deficient. The validity of this argument is already suggesteO in the present model in the sense that the northern hemisphere isoline slopes are noticeably larger than the equivalent southern hemisphere slopes (see Figure 1) . This is compatible with the observation that the northern hemisphere of this model is considerably more dynamically active than its southern hemisphere [see Manabe and Mahlman, 1976] .
These arguments strongly indicate that improvement of this discrepancy is directly dependent upon a solution of the "coldbias" deficiency of these models. Experience with N20 modeling in more recent versions of the GFDL "SKYHI" GCM [e.g., Mahlman and Umscheid, 1984] has already shown these arguments to be essentially correct; as the cold bias is reduced, the meridional N20 slopes become steeper. The same type of comparison is shown in Figure 9 for the "Laramie" (41øN, 105øW) grid point. At a = 0.190 and 0.110 the annual cycle is rather weak, while at a = 0.065 and 0.038 it is more noticeable, with a spring minimum and a fall maximum. This is compatible with the reversed behavior (spring maximum) for "downward moving" substances such as ozone. Note in the lower stratosphere that the number of isoline "crossings" are more numerous than at "Canal Zone" and "Antarctica." This is related to the generally more active northern hemisphere stratospheric dynamics in this model at these levels.
At a-0.01, Figure 9 shows a pronounced annual cycle with a broad spring maximum and a narrower fall minimum. Both the balloon data in BAM86 and satellite data [Jones and Pyle, 1984] show just the opposite phase, similar to both observations and model in the lower stratosphere. This discrepancy provides insight into another model defect.
The late winter-spring minimum in the lower stratosphere is Note also that the A values in Figure 11 are not identical, even for the "perfect" model data. The three N20 experiments are very similar, but the midstratospheric As for the Fast-Sink N20 are generally smaller than for Regular-Sink and SlowSink N20. The largest A values are found in Slow-Sink N20. These small but systematic differences in A for different trace constituents lead us to seek an explanation for such differences. 
THEORETICAL INTERPRETATION OF "A"
STATISTICS
Multiplying (5) by R'= R-(R) t and time averaging, we obtain the trace constituent eddy variance equation + (R'V•. KnVR'}' + • psK, • R' + (R'SMS' (6)
In (6) the right-hand side terms from leR to right are the temporal variance production, the variance advection by mean and transient motions, the horizontal variance dissipation, the vertical variance dissipation, and the variance production or dissipation by chemical changes (usually dissipation), respectively.
It is worth noting that the conceptual model developed below is fundamentally different from the usual mechanistic approaches [e.g., Plumb, 1979] being ever present at nonnegligible amplitude. Accordingly, the approximate long-term balance is between production/advection of transient variance and its dissipation. For time-averaged statistics the temporal evolution term in (6) is negligible. (10) is negligible). Also, we will assume for convenience that the spatial gradients of are small relative to spatial gradients of (R'2) t. These assumptions lead to essentially the same result as using linear theory directly to derive (10). Now working on the first term in (10), we note that the only transient eddy flux of R of interest here is the statistically averaged component normal to the gradient of (R)'. Accordingly, we describe this statistical quantity (generated explicitly by the three-dimensional model) as an effective symmetric diffusion process. We thus assume that locally The above arguments provide an explanation for why A is essentially the same in the lower stratosphere for the three model experiments, as shown in Figure 11 . In that altitude range, Cc•0 and the "topography" of the (R) ' surfaces is essentially identical, as pointed out in section 3. Further, we expect the K*s to be more or less the same for different trace constituents as long as the chemistry is sufficiently slow (and perhaps the mechanical dissipation of R variations has the same character for each trace gas).
Now we proceed by introducing the following definitions: (R'V2 ß Ki-iV2R')t + ((R'/ps)t•/t•z psK,, (t•R'/t•z)) t C m = (R,2)t (7) (R'SMS') t
Ca • (•,•),
Inspection of (12) also justifies the caution of Ehhalt et al. [1983] in interpreting A literally as a vertical displacement, as might be superficially inferred from the vertical gradient dependence. As shown in the appendix, the equilibrium tracer slopes represent a tight coupling between horizontal and vertical transport/chemical processes. Evaluation of (12) and the basic components of (--V3'R') t. V3(R) t from the GCM suggests a crude isotropy in the production of A2; the east-west and north-south tracer slopes approximately compensate for the large differences in effective K*s (Kx* > Ky* >> K:*). Another way to illustrate this is to redefine a A leading to (12) by dividing by the meridional gradient (c•(R)t/c•y). In this case the modified As so produced have magnitudes of ,-• 1000 km. Therefore we conclude that A should be thought of as a "scaled displacement length," because the definition of A carries no implications of dominance of displacement from one coordinate direction over another. However, "equivalent displacement height" remains an appropriate description for A as long as it is recognized that transient R perturbations can come from any coordinate direction with more or less equal probability for a tracer in statistical equilibrium.
Next we explore circumstances under which Aa is predicted to be different than At,. First, in (12) The above prediction of a reduced A for long-lived gases with faster-destruction times was also tested in the observational study of BAM86. Unfortunately, their results were inconclusive. If anything, the A values for (faster destruction) CFC13 might be greater than for CF2C12 and N20. However, they point out that the sampling error for calculation of A is so large (especially for CFC13) that no statistically significant identification of A differences can be made from their data set.
Thus the prediction of small, but illuminating, differences in A statistics must await more complete data sets with higherprecision measurements. Finally, we note the possibility of circumstances in which the simple equilibrium A 2 model of (12) may be inappropriate. Integration and analysis of these three N20 experiments revealed some interesting behavior. It was found that the FastSink and Slow-Sink N20 experiments exhibit predictable globally averaged (one-dimensional) behavior, given the results from the Regular-Sink N20 experiment. Specifically, the set of global one-dimensional eddy diffusion coefficients (K•s) producing consistent globally averaged behavior for one experiment were found to produce excellent predictions of the onedimensional behavior of the other two experiments. Furthermore, it was found that the meridional slopes of N20 isolines are virtually identical in the lower stratosphere for the three N20 experiments. The generality of the above two results was investigated through use of a simple theoretical two-slab model. In this model the transport balances leading to equilibrium meridional mixing ratio slopes are solved explicitly. Specifically, the simple model shows that meridional mixing ratio slopes are the same for a wide class of trace constituents, given a very slow destruction (or production) chemistry. For gases with moderate to fast photodestruction rates, the effect is to flatten the meridional slopes.
In addition, the two-slab model shows a physical basis for the one-dimensional global eddy diffusion coefficient K•. In this model, K• depends upon the meridional slope of a given constituent (which in turn depends upon the chemical destruction rate). Also, Kz depends upon the intensity in which upward propagating disturbances from the troposphere force the stratospheric zonal winds. Finally, the two-slab model shows that the meridional isoline slope in turn depends upon the Kz value, although in most cases the dependence is comparatively weak. The two-slab model thus predicts that the apparent "universality" of meridional slopes and Kz for N20 fortuitously arise from the relative weakness of the prescribed destruction chemistries. Tracers with stronger chemistries are predicted to exhibit noticeably different behavior. Conse-quently, this simple theoretical model can be used to predict meridional slopes and effective one-dimensional Kzs for a wide class of longer-lived trace gases.
Comparison of the model meridional mixing ratio slopes against the climatologies of BAM86 indicate that the model slopes are too flat by about 30%. By using the predicted slope structure from the simple two-slab model we infer that the basic cause of this deficiency is a too weak dynamical forcing of the zonal winds in the model stratosphere. This leads to a situation in which the polar temperatures are too cold, and the model temperatures are too close to their radiative equilibrium limits. Thus we conclude that this discrepancy has the same roots as that 
TRANSPORT
In section 3 it was shown for this model that suitably longlived trace gases all exhibit the same equilibrium polewarddownward slopes of mean mixing ratio isolines. The observational study of BAM86 showed this to be true for N20 and CF2C12. However, the mean slope for CFC13 is flatter than those of the other two, apparently because of the faster photodestruction chemistry appropriate for CFC13.
The purpose of this appendix is to develop a simple model that isolates the essential physical processes leading to equilibrium tracer slopes in the presence of chemical destruction. 
Before we engage in a more complete analysis, some simple physically useful insights can be gained by inspecting the character of (A22) for the "slow-chemistry limit." That is, the case in which ( of 3 lower than that suggested by the above analysis. The explanation for this discrepancy may be due to the local "surf zone" effect mentioned above, the crudity of the two-slab model, or possibly, other factors. With these preliminary insights gained we now proceed to complete the analysis begun through the derivation of (A22). If the original assertion of section 3 is indeed correct, (A22) can be evaluated directly. That is because the indication was that globally averaged one-dimensional behavior is directly predictable for suitably long-lived, fully equilibrated trace gases (exceptions arising upon violation of these two requirements are given by Mahlman [1975] ). This assertion implies that the only R dependence in (A22) (0 In (R)"/Oz) can be solved independently of (A22). We now investigate the global properties of the two-slab model to evaluate that assertion.
To produce a fully self-consistent global mean equation, we first combine the mass continuity equation ( Because of the direct physical significance of equations (A22) and (A30), greater insight into the relationship between them can be gained by solving them iteratively. A reasonable way to begin is to assume that (C) t'--•0 initially, so that r3z/r3ya(0) is given by (A23). This value is then substituted into (A30), and (A30) is solved for (R)n(z). From this r3 In (R)n/3z
(1) is substituted back into (A22) to get r3z/r3ya(1) and so on.
Since here we are only interested in the degree of coupling between (A22) and (A30), for clarity we seek to simplify the problem. A simple analysis of the square-bracketed term in (A30) shows that the scale height of (R) n has to be smaller The physical interpretation of this reduced K: effect is quite straightforward. In the two-slab model, the net vertical flux depends upon (for an "upward" tracer) the tracer amount moving upward in the tropical box being larger than the amount moving downward in the high-latitude box. A reduced slope for a given global mean vertical gradient means a reduced value of meridional gradient ((R} tr-(R} ht) (see equation (A28)). It should be noted that this effect could be less in the real atmosphere as a result of the additional presence of local vertical transport events that are somewhat diffusive in character, in contrast to the advective character of the global mean vertical flux in the two-slab model.
